The bop gene cluster consists of at least three genes: bop (bacterio-opsin), brp (bacterio-opsin-related protein), and bat (bacterio-opsin activator). We 
purple membrane synthesis. In wild-type cultures grown under high oxygen tension in the dark, bop and bat transcript levels were low during steady-state growth and then increased -29-and -45-fold, respectively, upon entry into stationary phase. brp gene transcription remained very low and essentially unchanged under these conditions. In addition, exposure of wild-type cultures growing under high oxygen tension to 30,000 lx of light stimulated expression of all three genes, especially brp. In contrast to the wild-type, transcription from all three genes in the bacterioruberin mutant was very high during steady-state growth under high oxygen tension in the dark. Cultures of the bacterioruberin mutant were shifted at early stationary phase to low oxygen tension to determine whether oxygen concentrations lower than those present in stationary phase would induce transcription of the bop gene cluster in this strain. Indeed, transcription was induced, suggesting that the bop gene cluster is not completely uncoupled from regulation by oxygen tension in the bacterioruberin mutant. From these data, we propose a regulatory model involving two different mechanisms: (i) bat gene expression is induced under conditions of low oxygen tension and the bat gene product activates bop gene expression and (ii) light induces brp transcription, which stimulates or modulates bat transcription.
Bacterio-opsin is the sole protein found in the purple membrane of the extremely halophilic, photosynthetic archaebacterium Halobacterium halobium. The complex of this protein with the chromophore retinal constitutes bacteriorhodopsin (BR), which mediates photophosphorylation (5, 11) by generating a transmembrane electrochemical potential via light-driven proton pumping (22) . The structure and function of BR have been extensively studied (4, 12) , but less is known about the genetics and physiology of bacterioopsin (bop) gene expression in vivo.
Characterization of some 50 spontaneous Bop mutants (1, 2, 6, 13) has shown that the gene encoding bacterio-opsin is flanked by at least two other genes that are involved in its expression: the bacterio-opsin-related protein gene (brp) and the bacterio-opsin activator gene (bat) (1, 14; Fig. 1A ). All three genes have been sequenced, and their transcriptional start sites have been determined (1, 8, 9) . The brp gene is located 526 bp upstream of the bop gene and is transcribed in the opposite orientation (1) . The bat gene is located 1,602 bp upstream of the bop gene and is transcribed in the same orientation as the brp gene (14) . There is no evidence supporting the existence of a polycistronic message arising from the brp and bat genes.
Mutants containing insertion mutations in either the brp gene, the bat gene, or the intergenic region between the bop and brp genes have greatly reduced bop gene expression, varying from 0 to 23% of the parental levels (13) . While some of the effects on bop gene expression caused by these insertion mutations have obvious explanations (e.g., disruption of the putative bop gene promoter), disruption of brp gene expression reduces bop gene expression through an unknown mechanism. In addition, these studies suggest that the bat gene product may be involved in activating brp and bop gene expression (13) . Secondary structure predictions indicate that the putative bat protein would consist of alternating alpha helices and beta sheets characteristic of soluble proteins (14) , whereas the putative brp protein would consist of six to seven hydrophobic alpha helices of sufficient length to span the membrane (3). It has been suggested that the brp protein may act as a membrane-bound sensor or be involved in the assembly of purple membrane (3) . Neither of the putative brp or bat proteins have yet been detected in halobacterial cells, since there is no available assay. Transcript levels from the bop gene cluster in wild-type and Bop mutants have been measured and compared only at a single point during the growth cycle (approximately late exponential/early stationary phase) in aerobically grown cultures (13) . brp and bat transcript levels from wild-type cultures grown aerobically in complex medium under ambient light were 2 and 4%, respectively, of bop levels (13).
Oxygen tension, light intensity, and retinal synthesis all have been implicated as affecting purple membrane synthesis (20, 22, 26, 27) . In addition, there may be some level of interaction between the synthesis of purple membrane and the major C50-isoprenoid, bacterioruberin. Bacterioruberins are a group of 4 to 6 C50-hydroxylated isoprenoids that are responsible for imparting the red pigmentation seen in H. halobium. Synthesis of bacterioruberin may impinge upon purple membrane synthesis since (i) bacterioruberin shares a common biosynthetic pathway with retinal (28) (3, 13) . the dark. We sought to determine whether bop, brp, and bat gene expression are constitutive or inducible, to determine whether the brp and bat genes are coordinately regulated with the bop gene, and to obtain insights as to the mechanism(s) whereby the putative brp and bat gene products interact with the bop gene cluster.
MATERIALS AND METHODS
Bacterial strains, medium, and growth conditions. H. halobium strains used in this work were the wild-type strain NRC817 and its spontaneous bacterioruberin-deficient derivative II-7 (23) . The location and nature of the bacterioruberin mutation are unknown, but phenotypically, colonies of II-7 appear light purple on solid medium due solely to purple membrane. 11-7 is the parent of many of the spontaneous bop mutants that were critical in identifying putative bop regulatory genes (23 1:4. Cultures were incubated in either a shaking water bath with the flasks covered with aluminum foil or in the phototrophic chamber (see Fig. 2 ) with the flasks exposed to 30,000 lx of light.
For shifts to low oxygen tension (see Fig. 6 to 8), a culture was grown under high oxygen tension and ambient light to early stationary phase. Fifty milliliters of culture was transferred to each of two Monogro culture flasks (Wheaton) (warmed to 37°C; one covered with aluminum foil). To generate low-oxygen conditions, flasks were closed with natural rubber sleeve stoppers (Wheaton no. 224097), sealed with three wraps of beeswax-coated string, and tied securely. Two 16-gauge needles were passed through each sleeve stopper to allow for a small amount of air exchange. The sleeve stoppers were loosely covered with aluminum foil to prevent photooxidation of the rubber. The flasks were placed horizontally in the phototrophic chamber and shaken at 100 rpm. Samples (-2 to 3 ml) were removed through the septa with syringes equipped with 25-gauge needles.
Phototrophic chamber. Figure 2 is a schematic of the phototrophic chamber that delivers 30,000 lx of light to the cultures. Incubating cultures horizontally in Monogro culture flasks created a relatively large surface area (-100 cm2) and reduced culture depth to only a few millimeters, allowing homogeneous exposure and maximum penetration of light. Cultures could also be grown with rapid shaking (high oxygen tension) and exposed to 30,000 lx of light in standard Erlenmeyer flasks. To minimize infrared heating of both the chamber and the contents of the culture flasks, a wide-band hot mirror was used which reflected -90% of the infrared energy (750 to 1,200 nm), absorbed all of the UV energy (below 400 nm), and transmitted -85% of the visible light (450 to 675 nm) generated by the lamps. The light intensity requirements are described by Oesterhelt and Krippahl (20) ; illumination was measured with a Minolta AutoMeter III light meter equipped with a flat diffuser.
Small-scale RNA extraction and Northern (RNA) blot analysis. Total RNA was extracted from 1.8-ml samples by using a modification of the RNAzol procedure (Cinna Biotech). Culture samples were harvested in microcentrifuge tubes at 13,000 rpm for 10 min in a model MC-150 Tomy microfuge at room temperature. The supernatant was decanted, and any medium remaining above the pellet was removed by aspiration. Cell pellets were quickly frozen on dry ice and stored at -65°C until extracted. RNAzol reagent (1.6 ml) was added directly to frozen (-70°C) cell pellets and vortexed vigorously for 15 s. The remainder of the procedure is as described in the product brochure. Air-dried RNA samples were resuspended in 25 ,ul of diethyl pyrocarbonate-treated water (15) and stored at -65°C. Samples of 30 to 50 ,ug of total RNA were routinely extracted from 1.8 ml of stationary-phase culture.
RNA (2 jig) from each time point was heated to 65°C in 50% formamide-2.2 M formaldehyde-50 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid}-1 mM EDTA. RNA samples were electrophoresed on 1.2% vertical agarose gels (0.8 mm thick) at 75 V as described previously (1) . RNA was blotted onto Hybond-N nylon membrane (Amersham) and cross-linked by UV light (Stratalinker; Stratagene). 32P-labeled RNA probes were synthesized in vitro, using an SP6 polymerase riboprobe kit (Promega Biotec) from DNA templates containing specific internal fragments of the bop, brp, and bat genes (13; Fig. 1A ). Prehybridization, hybridization, and wash conditions were as described by Melton et al. (17) (20) . These levels were 50 to 100 mW/cm2, which are equal to 47 to 93 W/ft2. Xenon/mercury lamps of the type described previously (20) ization, hybridization, and wash temperatures were determined to be 800C. Kodak X-Omat-R AR5 film was used for autoradiography of the filters. Exposure times were optimized so that blots containing high levels of message did not saturate the film. mRNA levels were quantitated by scanning the autoradiograms with a Joyce Loebl Ephortec densitometer (626-nm filter) and integrating the areas under the peaks (see legend to Fig. 4) .
Quantitation of BR. Samples (400 ,il) from each time point were harvested as described above, quickly frozen, and stored at -650C. Pellets were resuspended and lysed in 100 ,ul of DNase A (40 j.Lg/ml; Sigma) in H20. The NH2OH solution was added in the dark to the lysed NRC817 sample, and an absorption spectrum was taken on a Shimadzu UV160U spectrophotometer. The sample was bleached (i.e., the chromophore was removed from BR) at 3-min intervals, using 6.5 x 105 lx of light produced by a 150-W illuminator (Cole-Parmer) equipped with a yellow filter and a heat filter. Spectra were taken until there was no further decrease in absorption and the amount of BR determined from the difference between the bleached and unbleached spectra at 568 nm. Total protein was determined by using the Bio-Rad protein assay reagent with bovine serum albumin as the standard.
RESULTS
Growth curves from high-oxygen-tension cultures. H. halobium strains NRC817 and II-7 were grown under conditions of high oxygen tension in the dark and in 30,000 lx of light. Growth was monitored both by optical density (Fig. 3A) and by viable counts (Fig. 3B ). There was very little difference in generation times during exponential growth (see legend to Fig. 3) , showing that NRC817 and II-7 have nearly identical growth rates and that 30,000 lx of light had no effect on growth rate under conditions of high oxygen tension in a complex medium. In addition, all cultures reached approximately the same cell density at early stationary phase (1 x 109 to 2 x 109 CFU/ml). In stationary phase, however, 11-7 reached two-to threefold-higher OD6w levels than did NRC817 (Fig. 3A) . Viable counts and optical densities correlated well in the NRC817 cultures, as both stopped increasing at approximately the same time. In contrast, optical densities in the 11-7 cultures continued to increase well after viable counts had stopped increasing (compare Fig. 3A and B) .
Transcript levels from high-oxygen-tension cultures. Figure  4 shows bop, brp, and bat transcript levels from the cultures grown under high oxygen tension shown in Fig. 3 transcript levels were very low throughout mid-and late exponential phase, began to rise during early stationary phase (-72 h), reached their highest levels at 100 h, and then declined. The fold differences in bop and bat transcript bop brp levels between 60 h (indicated by arrows in Fig. 4) and their maxima were -29 and -45-fold, respectively. brp transcripts were not detectable until 80 h and then, unlike bop and bat levels, increased only slightly (Fig. 4B) . Exposure of cultures of NRC817 growing under conditions of high oxygen tension to 30,000 lx of light resulted in a steady increase in bop, brp, and bat transcript levels during exponential phase and early stationary phase (Fig. 4A  through C) . This increase in transcription contrasts with the very low transcript levels observed during these stages of growth in the dark culture. Even though bop transcript levels were more abundant during exponential phase in the light culture than in the dark culture, bop mRNA levels from the light culture reached approximately the same maximum in the same amount of time as the bop transcript levels in the dark culture (Fig. 4A) . bat transcripts from the culture grown in the light were also abundant during stationary phase, but reached approximately the same maximum some 40 h earlier than bat transcripts from the dark culture (Fig.  4C) . The greatest effect of 30,000 lx of light during growth under high-oxygen-tension conditions was on brp transcript levels. While only just detectable in stationary phase of the dark culture, brp mRNA levels rose dramatically during exponential phase and early stationary phase in the light and remained markedly elevated (Fig. 4B) . The difference between maximal brp transcript levels from the dark culture and the light culture was eightfold.
The bacterioruberin-deficient mutant II-7 grown under conditions of high oxygen tension in the dark differed in its bop gene cluster transcription patterns from its wild-type parent in two ways (Fig. 4D through F) . First, transcript levels from all three genes were markedly elevated during exponential growth. bop transcript levels were nearly maximal at about 40 h and remained elevated, with only a slight decline from 100 to 125 h (Fig. 4D) . brp transcript levels were also maximal at 40 h and then declined (Fig. 4E) (A and D) ; 0, 0, brp mRNA levels (B and E); A, A, bat mRNA levels (C and F). For comparison of relative levels of transcription between the wild-type and II-7 strains, the fainter long and short dashed lines in panels D through F represent the corresponding bop, brp, or bat transcriptional pattern from the wild-type strain (A through C) grown in the light and dark, respectively, plotted to the same scale as the mutant data. Autoradiography exposure times of Northern blots were 4 h at room temperature for panels A and D and 3 days at -65°C with an intensifying screen for the remaining panels. Levels of specific mRNAs were quantitated by scanning autoradiograms as described in Materials and Methods. Peak areas (integrals) generated from each scan are plotted against time. (Fig. 4F) . Second, the large inductions in bop and bat transcript levels seen as the wild-type culture approached stationary phase ( Fig. 4A and C) were absent in the II-7 culture (Fig. 4D and  F) . In addition, maximum levels of brp and bat from the 11-7 culture grown in the dark were as high or higher than the maximum brp and bat levels in the wild-type strain grown in either the dark or the light (Fig. 4E and F) .
Exposure of high-oxygen-tension cultures of mutant II-7 to 30,000 lx of light significantly increased transcript levels of all three genes in the bop gene cluster (Fig. 4D through F) . bop, brp, and bat transcript levels in mutant 11-7 rose more rapidly during the exponential and early stationary phases of growth and attained maximum levels that were three-to fourfold higher than the maximum levels attained in the aerobic culture grown in the dark. This is in contrast to what was observed in light-exposed cultures of the wild-type strain, for which maximum levels of bop and bat were nearly identical to those reached in the dark culture.
BR levels from high-oxygen-tension cultures. Figure 5 compares the amounts of BR from strains NRC817 and 11-7 grown under conditions of high oxygen tension in the light and in the dark as shown in Fig. 3 . The increase in BR protein levels parallels the increase in bop mRNA levels shown in Fig. 4A and D up to 100 h. Both NRC817 and II-7 cultures grown in the light produced detectable BR earlier and at higher levels than did cultures grown in the dark. However, BR levels were two-to threefold higher in strain 11-7 than in strain NRC817 under identical growth conditions.
Growth curves of II-7 cultures shifted from high to low oxygen tension. Since strain 11-7 lacked the dramatic induction of bop transcription seen in wild-type stationary-phase cultures in the dark (compare Fig. 4A and D) , we aimed to determine whether oxygen concentrations lower than those present during stationary phase would affect bop gene cluster expression. It is well documented that reduced oxygen tension is one condition necessary to cause H. halobium to produce large amounts of purple membrane (21, 22) . Classical purple membrane-inducing conditions involve growing cultures aerobically under ambient light until early stationary phase, followed by reduced aeration and increased illumination. Consequently, we mimicked these growth conditions (Fig. 6 ) to determine whether lower oxygen tension could restore the induction phenomenon in strain II-7. Figure 6 shows growth curves determined by ODwo (Fig.   6A ) and by viable counts (Fig. 6B) counts were observed postshift in both the light and dark cultures (Fig. 6) . The large increases in optical density correlated with the production of large amounts of refractory gas vacuoles which were observed under these conditions (25) .
Transcript levels of II-7 cultures shifted from high to low oxygen tension. Preshift and postshift levels of bop, brp, and bat transcripts from the 11-7 cultures described in Fig. 6 are shown in Fig. 7 . Preshift (high oxygen tension) bop mRNA levels (Fig. 7A ) increased as the II-7 cultures approached and entered stationary phase, as seen previously in highoxygen-tension dark cultures (Fig. 4D) . Upon shift to low oxygen tension, bop transcript levels reached their postshift maximum at 18 h in both the dark and light cultures. bop transcript levels from the culture shifted to the light reached a slightly higher maximum than did the culture placed in the dark (approximately three-and twofold increases, respectively, above the highest [time 0] preshift level). In the dark culture, postshift bop transcript levels remained constant from 18 to 64 h and then declined. In comparison, postshift bop transcript levels from the light culture steadily declined from their maximum at 18 h. In addition, the maximum postshift bop transcript level from the dark culture shifted to low oxygen tension was approximately twofold higher than the maximum bop transcript level from the dark highoxygen-tension culture (Fig. 7A, dashed curve) .
Significantly larger postshift effects were seen on brp and bat transcript levels than were seen for bop transcript levels. Preshift (high oxygen tension) transcript levels from both the brp gene and the bat gene were relatively low and increased very little from -20 to 0 h ( Fig. 7B and C) . The largest and most rapid postshift increases in brp and bat transcript levels occurred in the culture shifted to 30,000 lx of light (-10-and -37-fold increases, respectively, above the highest [time 0] preshift level). Under these conditions, maximum brp and bat transcript levels were reached at 18 and 28 h, respectively, remained elevated until 53 h, and then declined, returning to near preshift levels by 105 h. brp and bat gene transcript levels also increased in the culture shifted to low oxygen tension and left in the dark (-8-and -10-fold increases, respectively, above the highest [time 0] preshift level). However, compared with brp and bat transcript levels from the light culture, the kinetics of the increases were delayed (reaching maximum levels at 64 h), and the magnitudes of the increases were smaller (-8-fold in the dark versus -10-fold in the light for brp and -10-fold in the dark versus -37-fold in the light for bat). The postshift brp and bat transcriptional maxima from dark cultures shifted to low oxygen tension were -8-and -3-fold higher, respectively, than the highest brp and bat transcript levels from dark high-oxygen-tension cultures (Fig. 7B and C,  dashed curves) .
BR levels from cultures shifted from high to low oxygen tension. Initial postshift BR levels from the 11-7 culture shifted to low oxygen and high light intensity were -4-fold higher than for the shifted culture that remained in the dark (Fig. 8) . Similarly, initial bop mRNA levels in the culture shifted to the light were elevated above those from the culture kept in the dark (Fig. 7A) . At approximately 53 h postshift, BR levels from the dark culture became and remained equal to the BR levels from the light culture. DISCUSSION High oxygen tension. We have quantitated mRNA levels expressed from three genes in the bop gene cluster in two strains of H. halobium throughout the exponential and stationary phases of growth under high oxygen tension in both the dark and the light. The growth curves of strain 11-7 revealed a slight increase in optical density in stationary phase that was not accompanied by an increase in viable counts (Fig. 3) . The reason for this difference is unknown, although increased synthesis of purple membrane and gas vacuoles could be contributing factors (25) .
bop, brp, and bat transcript levels in the wild-type strain remained relatively suppressed during steady-state growth in the dark (Fig. 4A through C) . As the culture entered stationary phase, bop mRNA levels increased 25-to 29-fold above transcript levels observed during exponential growth (Fig.  4A ). Yang and DasSarma also have observed an -20-fold increase in bop transcription between mid-exponentialphase and stationary-phase wild-type cultures (29) . The bop transcriptional profile was paralleled by BR production throughout the majority of the growth cycle ( Fig. 4A and 5) , which supports the observation that high levels of oxygen repress the synthesis of purple membrane (22) . The marked decline in bop mRNA in late stationary phase of dark cultures was not paralleled by a decline in BR, suggesting either decreased bop mRNA synthesis or increased bop mRNA degradation and attesting to the stability of BR. Indeed, Oesterhelt and Stoeckenius report that up to 50% of the total cell membrane surface area can consist of purple membrane in stationary-phase cells (22) .
In contrast, brp transcript levels in cultures of NRC817 grown in the dark were barely detectable and increased only slightly in stationary phase (Fig. 4B) . The bat gene transcriptional pattern, on the other hand, was nearly identical to that of the bop gene, with bat transcript levels increasing 20-to 45-fold above those observed during exponential growth (Fig. 4C) . Thus, both bop and bat transcription are induced during stationary phase in wild-type cultures grown under high oxygen tension in the dark, while brp transcription remains relatively unaffected. This induction is most likely due to a decrease in oxygen tension which naturally occurs in stationary phase, although significant contributions by other stationary-phase effects such as depletion of nutrients other than oxygen, a general starvation response, or accumulation of regulatory metabolites cannot be ruled out.
Exposure of cultures of NRC817 growing under high oxygen tension to 30,000 lx of light stimulated transcription from all three genes during steady-state growth, and transcript levels remained elevated during stationary phase. This stimulation was apparent at the earliest steady-state time points (Fig. 4A through C) and indicates that exposure to light mitigates the repressive effect of high oxygen tension seen during steady-state growth.
Previously, we suggested that the brp protein may function as a membrane-bound sensor, that the bat protein may function as a soluble regulatory molecule (3) , and that, as determined from analysis of transcript levels in numerous Bop mutants (13) , the bat gene product activated bop and brp gene expression. Data in this report support most of these proposed functions and suggest a model (Fig. 1B) in which at least two mechanisms are involved in regulation of bop gene expression, one involving oxygen and the other involving light. brp transcription is induced by light but not by decreasing oxygen tension, which suggests that the putative brp protein may function as a receptor and/or a transmitter of the light signal. Such roles are consistent with the predicted secondary structure of the putative brp protein, which consists of six to seven hydrophobic alpha helices of sufficient length to span the halobacterial membrane and two amphipathic alpha-helical cytoplasmic regions (3) . On the other hand, bat transcription is induced by both light and decreased oxygen tension, and the bat gene product may serve as an intermediary in transmission of both signals. As observed by ourselves and others (29) , the primary amino acid sequence of the bat protein deduced from the nucleotide sequence (14) possesses a region of significant homology with the nifL gene product, a putative oxygen sensor found in Klebsiella pneumoniae (7) . Finally, it is difficult to assess the temporal relationships between bop, brp, and bat gene expression levels during growth under high oxygen tension within our 6-to 12-h sampling time frame. However, in high-oxygen-tension cultures exposed to 30,000 lx of light, brp and bat mRNA levels reach their maxima at the same time and some 40 h earlier than bop mRNA maximum levels ( Fig. 4 through C) . Moreover, maximal bop transcript levels were reached at the same time in both the dark and light high-oxygen-tension cultures (Fig.  4A ).
Strain 11-7, a bacterioruberin-deficient mutant of the wildtype strain, NRC817, had significantly different patterns of bop, brp, and bat transcription than its parent in cultures grown under high oxygen tension in the dark. The low steady-state levels and large inductions of bop and bat transcription observed in stationary phase in the wild-type strain were absent in strain II-7 ( Fig. 4D and F (Fig. 4) reveal that II-7 grown in the dark has higher brp and bat transcript levels than does the wild-type culture grown in the dark or the light. The maximum bop transcript level attained in strain 11-7 was about 50% of the maximum attained by the wild type in the dark or the light. These data show that strain II-7 constitutively expresses bop gene cluster transcripts during steady-state growth under high oxygen tension in the dark.
Despite the apparent uncoupling of the bop gene cluster from regulation by oxygen tension in strain II-7, exposure of cultures of II-7 to 30,000 lx of light during steady-state growth under conditions of high oxygen tension resulted in an increase in transcription from all three genes, similar to that seen in the wild-type strain. However, mutant II-7 attained three-to fourfold-higher maximum levels of bop gene cluster transcripts under these conditions than did its wild-type parent.
Strain II-7 differs from its wild-type parent by an uncharacterized mutation which affects bacterioruberin levels. Although the presence of another mutation elsewhere in the genome cannot be fully discounted, our data suggest that the Rub mutation in strain 11-7 somehow results in an insensitivity of the bop gene cluster to oxygen tension. On the other hand, the bop gene cluster in II-7 displays a sensitivity to light similar to that of the wild-type strain, although higher levels of expression were attained. Pfeifer et al. (23) have suggested that there may be some level of interaction between bacterio-opsin and bacterioruberin syntheses, given the fact that Bop mutants with insertions in or near the bop gene manifest a concomitant partial phenotypic reversion of bacterioruberin synthesis whereas Bop mutants with inserts further upstream of the bop gene do not. Bacterioruberins share a common biosynthetic pathway with retinal, and a decrease in the synthesis of bacterioruberins could conceivably increase retinal synthesis. In turn, an increase in free retinal might signal induction of the bop gene cluster. Such a scenario may be the basis for the increased bop gene cluster expression observed in strain II-7. Supporting this hypothesis is the observation that addition of exogenous retinal to cultures in which the retinal biosynthetic pathway was blocked by nicotine resulted in a fivefold increase in BR levels (26) . In addition, an increase in bacterio-opsin transcription has been seen in a retinal-deficient mutant upon addition of exogenous retinal (10) .
Shift to low oxygen tension. We have quantitated transcript levels expressed from the bop gene cluster in cultures of strain II-7 grown under high oxygen tension to early stationary phase and then shifted to low oxygen tension and either kept in the dark or exposed to 30,000 lx of light. This was done to examine the apparent uncoupling of the bop gene cluster from regulation by oxygen tension in strain II-7 by determining whether oxygen concentrations could be lowered sufficiently to invoke an induction response.
Following the shift to low oxygen and light, which simulated classical conditions for producing large quantities of purple membrane, the levels of all three transcripts (bop, brp, and bat) increased considerably (-3-fold for bop, -10-fold for brp, and -37-fold for bat) compared with preshift, high-oxygen-tension transcript levels in the dark. Thus, classical methods used to produce large amounts of purple membrane simultaneously induced transcription of all three genes in the bop gene cluster in strain 11-7. These results also show that decreased oxygen tension alone can induce transcription from all three genes of the bop gene cluster in strain 11-7 and to significantly higher levels than those achieved in stationary-phase, high-oxygen-tension cultures.
Despite the significant increases in bop gene cluster transcription during shifts to low oxygen tension, addition of 30,000 lx of light resulted in both higher maxima and increased rates of synthesis (although marginal in the case of bop expression) for the three genes (Fig. 7) . These data confirm that light stimulates expression from the bop gene cluster under low as well as high oxygen tension. Furthermore, even though oxygen tension decreases upon increased cell density and entrance to stationary phase in high-oxygentension cultures, the oxygen levels in the shift experiments were much lower by design. Consequently, induction of the bop gene cluster in strain II-7 occurs if the oxygen tension is low enough, demonstrating that the bop gene cluster is not completely uncoupled from regulation by oxygen tension in this strain.
In Fig. 1B , we propose a model based on data obtained from wild-type cultures grown under high oxygen tension in the light and in the dark. Our proposal that the putative brp protein may be a membrane-bound light sensor is based in part on the dramatic induction of brp transcription by light and the apparent lack of induction by the somewhat lower oxygen tension present during stationary phase in wild-type cultures grown under high oxygen tension in the dark. However, brp transcription was induced in cultures of strain 11-7 shifted to low oxygen in the dark. It is possible that the induction of brp transcription seen in shifted cultures of 11-7 in the dark might be a direct response either to the significantly lower oxygen tension or to an elevated level of a regulatory protein which is induced under these conditions. Indeed, under these conditions maximum bat transcript levels are threefold higher than the highest levels achieved in high-oxygen-tension cultures in the dark. Our hypothesis that the putative brp protein is a membrane-bound light sensor and/or transmitter remains a possibility, since under all conditions tested brp transcription is significantly more sensitive to the presence of light than to changes in oxygen tension.
Preliminary observations (25) indicate that genes involved in the synthesis of gas vacuole proteins, retinal, and bacterioruberin may also be regulated by low oxygen tension and high light intensity. Together with the bop gene cluster, these genes may comprise a multigene family activated by common environmental parameters (i.e., a stimulon; 18), similar to genes in other systems which are activated by starvation in the stationary phase of growth (16) or by heat shock (19) .
